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under the supervision of the Staff, sometimes by research fellows as — 
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College of Engineering, but more frequently by: investigators belonging 
to the Station corps. 

The results of these investigations are published in the form of 
bulletins, which record mostly the experiments of the Station’s own staff 
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form of circulars, compilations giving the results of the experiments of 
engineers, industrial works, technical institutions, and governmental 
testing departments. | 
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THE COLLAPSE OF SHORT THIN TUBES 


I. Resuuts or Previous ExpPerIMENTS ON COLLAPSE oF TUBES 


1. Fairbairn’s Formula—tThe problem involved in the study of 
the collapse of tubes is to find an equation by the application of which 
_ the collapsing pressure of a given tube can be calculated when the 
dimensions of the tube and the elastic properties of the material are 
known. The first person to attempt a solution of'the problem was the 
noted British engineer, Sir William Fairbairn. In 1858, Fairbairn 
published in the Philosophical Transactions of the Royal Society of 
London a paper describing experiments on the collapse of about 
twenty-five tubes. Fairbairn’s work was done at the suggestion 
and with the aid of the Royal Society, and the British Association for 
the Advancement of Science. The immediate cause was the need of 
such knowledge in the design of steam boilers. The tubes were ‘‘com- 
posed of a single thin iron plate bent to the required form upon a 
mandril and riveted and also brazed to prevent leakage into the inte- 
rior.’’ The ends were closed by means of iron disks or plugs, and 
the tube was placed in a large iron cylinder where it was subjected 
to hydraulic pressure. The interior of the tested tube was connected 
with the atmosphere at the upper end. The pressure was produced 
by a hydraulic pump and was measured by ordinary steam gauges. 
The diameters of the tubes collapsed were 4, 6, 8, 9, 10, and 12 inches; 
the lengths ranged from 19 to 60 inches; and the wall thickness was 
.043 of an inch for each tube. The tubes were what we describe to-day 
as ‘‘short’’ and ‘‘thin.’’ 

Fairbairn summed up the results of his experiments in the well- 


known formula: 


P = 9,675,600 7 Res Be 


‘‘ which is,’’ he says, ‘‘the general formula for calculating the strength 
of wrought iron tubes subjected to external pressure within the limits 
indicated by the experiments, that is, provided their length is not 
less than 1.5 feet and not greater than 10 feet.’’ In this formula, as 
in other formulas presented in this bulletin, P is collapsing pressure 
in pounds per square inch; ¢ is thickness of wall in inches; / is length 
of tube in inches; d is diameter in inches. It is noteworthy in the 
history of the subject that Fairbairn’s formula in some form was the 
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only available formula for engineers for nearly fifty years, and that re 


his experiments seem to have been the only experiments made in this | 
field prior to 1905 and 1906. Meanwhile, the materials and methods 
of construction, and the uses of tubes had changed so that Fairbairn’s 
constants were wholly out of date. “Ls 


In addition, Fairbairn’s tubes, as has since been shown, were — 


below a certain ‘‘critical length’’; and, the fact of a minimum critical 
length not being known, the formula was generally assumed to be 
applicable to tubes of all lengths. Various modifications were pro- 
posed for the formula* but practically all of them were based on 
Fairbairn’s data. 


2. Experiments of Carman.—The first experiments on the col- 
lapse of tubes after Fairbairn’s were those of A. P. Carman, which 
were reported and discussed in a paper read before the American 


Physical Society in April, 1905, and published in the Physical Review, — 


Vol. XXI. These experiments were conducted with small seamless 
brass tubes and showed ‘‘that there is a minimum length for each 
tube above which the collapsing pressure is constant. Again,’’ still 
quoting this paper, ‘‘we see that for lengths less than this critical 
minimum length, the collapsing pressure rises rapidly. As definitely 
as can be determined from these small tubes, the collapsing pressure 


varies inversely as the length, for lengths less than the critical — 


length.’’ It was further pointed out that Fairbairn’s tubes were all 
less than the critical length. ‘‘These experiments on small brass tubes 
have shown that formulas of the Fairbairn type are inadequate, and 
that for tubes of sufficient length, a formula of the type proposed by 
Bryan and Love is more nearly true.’’ The formula referred to is 


that first given by Professor G. H. Bryant of Cambridge, England~ 


and later deduced by other methods by A. B. Bassettt and A. E. H. 
Love§. The formula is given for long thin tubes, and is 


m? he 
pi ee «2% eee 


where P is the pressure of collapse, t is the thickness of wall, d is the 
; : l 

mean diameter, H is Young’s modulus, and — is Poisson’s ratio. 
m 


*See Bibliography. 

' {Proceedings Cambridge Philosophical Society, Vol. VI. 
{Philosophical Magazine, September, 1892. 

§Mathematical Theory of Elasticity, Vol. 2, p. 319, 1903. 


ones eee by Stewart, and by te and Corre 


> ee of the Tecate Experiment Station of the University of 
 Mhnois, describing experiments on seamless steel, lap-welded steel, 
and brass tubes. All of these experiments were made on tubes longer 
than the ‘‘critical length,’’ little attention being paid to the law of 
_ lengths except to see that the tubes were longer than the critical mini- 
mum length. is 
The results obtained by Carman and Carr were stated as follows: S 


‘‘The portion of a long tube affected by the collapse under hydrau- 
lic pressure is generally not greater than twelve times the diameter ; 
for greater lengths the collapsing pressure is independent of the 
length. The law according to which the collapsing pressure varies 
inversely as the length, is true only for very short tubes; i. e., tubes 
shorter than a certain critical ‘minimum length’ which in most cases 
is from four to six times the diameter. 


t 
‘¢ For long thin tubes, i. e., for values of aq cer about .025, the 


formula P =k (+): is very nearly true.’’ The constants for brass 


and seamless tubes were calculated from the experimental data, and 
the formulas stated as follows: 


a. For thin brass tubes 
P — 25,150,000 (+) Penh Se oy Aaa ey 
b. For thin seamless steel tubes 
P — 50,200,000 (=) i re | 
‘¢ For moderately ‘thick’ tubes, that is, for tubes having values of 
* between .03 and .07, an equation of the form 


P—k— —c . . ° ° . . (5) 


*Transactions of the American epee, of Mechanical Engineers, 1906. ; 
+“ Resistance of Tubes to Collapse.” Univ. of Ill. Eng. Exp. Sta. Bul. 5, 1906. 


a. For brass 


P= 93,365-—- — 2474 


d 


b. For seamless cold drawn steel 
P = 95,520 a — 2090. 
c. For lap-welded steel 


P = 83,290 —- — 1025 zie ee (ay 


Professor Stewart found similar equations and constants from his 
experiments on lap-welded steel tubes. 


Thus from theory and from experiments, fairly satisfactory equa- d 
tions, for long thin tubes and for long tubes of moderate thickness 
e have been reached. The terms ‘‘long,’’ ‘‘thin,’’ and moderately — 
= “‘thick’’ are used as previously defined. The equation for long, mod- — 
erately thick tubes is empirical both in its constants and its form. The 
, equation for long thin tubes is that of Bryan except that the constant 
is about 30 per cent less than the theoretical value, probably due, as — 
suggested by R. V. Southwell,* to the material being beyond the ~ 
elastic limits. | 


4. Investigations of Southwell, and of Cook—Within the last 
three years, there has been considerable interest in the law of the 
collapse of ‘‘short’’ thin tubes, that is, in the form of the pressure- 
length curve near and inside the critical length. The practical interest . 
in this part of the curve came first from the problem of spacing ‘‘col- 
lapse rings’? in boiler flues. Another practical interest in the problem 
is found in the collapse of steel flumes by atmospheric pressure when 


the water is suddenly let out by accident and the internal pressure 
is reduced almost to zero. 


=) 


The theoretical interest comes from the very important mathe- — | 
matical investigations of R. V. Southwell, Fellow of Trinity Col- — 
lege, Cambridge, England, discussed in a paper entitled ‘‘On the 
General Theory of Elastic Stability.’’ This paper was read before 


*Philosophical Magazine, p. 504, September, 1913. 
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London in January, 1913." 


ere P is the collapsing pressure, E is Young’s modulus, a is Pois- oY 
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-son’s ratio, Z is a constant depending upon the end constraints, 1, d, 4 
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Fig. 3. Curve oF SoUTHWELL’s Equation REPRODUCED FROM PHILOSOPHICAL 

TRANSACTIONS, 1913 
and ¢ are the length, diameter, and wall thickness, and k represents the 
number of lobes into which the tube collapses. It is known that long 
tubes collapse into two lobes, shorter tubes into three lobes, and still 
shorter into four lobes (See Fig. 2). This formula is represented by 
a family of curves, corresponding to the value of 2, 3, and 4, for k. 
Fig. 3 is reproduced from Southwell’s paper. It shows the curves 


* Philosophical Transactions of the Royal Society of London, Vol. 213A, pp. 187-244. 
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for two, three, and four lobes, giving the relation between collapsing — 
pressure and length; values of Young’s modulus and Poisson’s ratio — 
are assumed as noted on the curve. No simple value for Z is stated — 
by Southwell. ‘‘From an inspection of the different curves, we see,’’ 
writes Southwell, ‘‘that long tubes will always tend to collapse into — 
the two-lobed form, since the curve for k = 2 then gives the least value 
for the collapsing pressure, but that at a length corresponding to the 
point A, the three-lobed distortion becomes natural to the tube; and — 
that for shorter lengths still, of which the point B gives the upper 
limit, the four-lobed form requires least pressure for its maintenance. 
Thus the true curve connecting pressure and length is the discon- 4 
tinuous curve CBAE, shown in the diagram by a thickened line.’’ 
Then according to Southwell’s theory, the curves which are ordinarily 
drawn to represent the results of experiments, such as the curves in 
Figs. 8 to 14, are really the envelopes of series of curves. Southwell 
made some experiments which seem to confirm his idea of the pressure- 
length curve. Our own experiments have not given any decisive proof 
of this feature of Southwell’s formula. It is to be noted that for 
long tubes, that is, where k—=2, Southwell’s formula reduces to the 
Bryan formula. 

Southwell has further discussed the theory of the collapse of tubes 
in three articles in the Philosophical Magazine for 1913 and 1915.* 
The third of these articles is largely a discussion of his theory with 
reference to some very interesting experiments on the collapse of short 
tubes by Gilbert Cook of the University of Manchester.t 


Southwell’s formula differs from the previous formula of Bryan 
in giving an expression for the collapsing pressures for lengths less 
than the ‘‘eritical length.’’ He deduces as an expression for the 

* 


Ss . = s 


site % d* ; pee 
‘* eritical length,’? L—k NES ‘*k being some constant depending 


upon the type of the end constraints.’’t 


~ 


The Southwell formula further makes the envelope of the pressure- 
length curve a hyperbola for lengths less than the critical length. 
Hence, if the critical length can be determined, the curve can’ be 
drawn and the strength of a short tube caleulated. The experiments 


*Philosophical Magazine, pp. 687-698, May, 1913; pp. 502-511, September, 1913; 
pp. 67-77, January, 1915. 


{Philosophical Magazine, pp. 51-56, July, 1914. 
$Philosophical Transactions, Vol. 213A, p. 227. 
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of Carman and of Stewart indicated a length of six diameters as the 
critical length. 

a __ Cook’s experiments were made to determine the strength of short 
tubes and, as a part of the investigation, to determine the ‘‘critical 
length.’’ He gives the results of the collapses of thirty-nine ‘‘solid 
drawn’’ steel tubes, all of three inches internal diameter, of values 


bs t a a’ 
of a varying between .0097 and .0206, and of lengths from 2.08 
inches to 12.71 inches. Unfortunately Cook’s apparatus limited him , 

to tubes of less than thirteen inches in length, that is, to lengths of © 
about four diameters, so that his curves do not reach the important , 


bends or ‘‘critical’’ points. He, however, concludes from estimates 
that ‘‘the critical length varies from thirteen to eighteen times the 


AS) 
diameter,’’ and that it is given by Southwell’s formula L = ra = 


with k = 1.73 for his steel tubes. Southwell in his discussion of Cook’s 
work and the ‘‘eritical length’’ says,* ‘‘Both theory and experiment 
suggest that the length of a tube sensibly affects its resistance to 
external pressure only in the case of comparatively short tubes, and 
- the earliest definitions of the term ‘critical length,’ given almost simul- 
taneously by Professor A. E. H. Love as ‘the least length for which 
_ collapse is possible under the critical pressure,’ and by A. P. Carman 
as a ‘minimum length, beyond which the resistance of a tube to col- 
lapse is independent of the length,’ were in recognition of this fact. 
Professor Carman concluded further from the early experiments of 
Fairbairn and from others which he himself conducted, that ‘the col- 
lapsing pressure varies inversely as the length, for lengths less than 
the critical length.’ That is to say, the curve suggested by him as 
expressing the experimental relation between collapsing pressure and 
length for a tube of given thickness and diameter consists of two dis- 
continuous branches; a straight line, representing constant collapsing 
pressure for all lengths above the critical length, and a rectangular 
hyperbola intersecting this line at a point corresponding to the critical 
length. 

“‘Tf these views were adopted, the critical length for any definite 
size of tube may be determined from experiments by estimating: (1) 
the straight line, parallel to the axis of length, which best represents 
the collapsing pressure for tubes of considerable length, and (2) the 


*Philosophical Magazine, p. 68, January, 1915. 


hyperbola which agrees best with the results for the Retire tl 
their point of intersection gives the required value. This is sul 
tially the procedure adopted by Mr. Cook, who finds that within a 
range of his experiments the critical dese = L, thus pra ‘is si 
satisfactorily by the formula. — eae 


L=173 Jf . ine 
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“Two of the five curves upon which Cook bases his sian 
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Fic. 4. Pressure-LeENGTH Curves SHOWING EXPERIMENTAL AND CALCULATED™ 
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shown in Figs. 4 and 5 which are reproduced from his article. Agree- 
ment of the curve with this theory is not close, particularly for the 
thicker tubes. Although Cook suggests the given formula, he frankly 
says that ‘the tests cannot be regarded as sufficient in number or 
covering enough range of dimensions to confirm definitely the equation 


mit ee eh Oe 


3 
L.= 1.718 N “ Though there is considerable amount of data for a 


law on long thin tubes and for long moderately thick tubes, there are 
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imenta results on the collapse of short tubes.’ The following 
ere undertaken in order to get more. facts on the 


short tubes of steel and of brass. To these have also been 


The results obtained with the three last named materials not only 
ve an interest in themselves, but also may have a theoretical interest 
future discussions of formulas on account of the different elastic 4 
zonstants involved. . it 4 
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Fic. 5. PRESSURE-LENGTH CuRVES SHOWING EXPERIMENTAL AND CALCULATED 
VALUES ACCORDING TO GILBERT CooK. REPRODUCED FROM 
PHILOSOPHICAL MaGAZzINE, 1914 


A large part of the experimental work described in this paper has 
been done by Stetfan F. Tanabe, M. S., Research Fellow of the 
_ Engineering Experiment Station. Credit is due him also for many of 
the details of the apparatus and methods. 


Il. Meruops anp ResuuTs or EXPERIMENTS ON THE COLLAPSE OF 
SHort THIN TUBES 


5. Apparatus—The apparatus was for the most part that which 
the author used a number of years ago in previous experiments of 
this kind. The hydraulic pressure was produced in a stout nickel- 
steel tube or receptacle 40 inches in length, 5 inches in internal diam- 
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eter, and 7 inches in external diameter. The lower end was ¢l a 
: cast-iron plug, and the upper end by a heavy steel disk or cover 1 
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Fic. 6. Srcrion oF THE NIcKEL-STEEL TUBE IN WHICH THE TUBES WERE COoL- 
LAPSED BY HYDRAULIC PRESSURE 


t 


was held in place by eight circular bolts as shown in Figs. 5 and 6. 
A lead gasket with circular grooves in the end face of the tube pre- 
vented leakage even at the highest pressures. This tube was held in © 
a vertical position, so that the heavy steel cover could be conveniently 


os 
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é 7 rere, + , 
5 See a 2 é bs: 
a chain hoist. ‘The hydraulic pressure was produced by 
t pump, made by the Societé Génevoise, and by a screw 
, which was made in the department shop. The pressure was 
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Fic. 7. Cross-Section oF SPINDLE For MounTING A TUBE FOR COLLAPSE 
THE GROOVES G WERE FILLED WITH PACKING AND ASPHALTUM 


To Make THEM WATERTIGHT 


gradually to the pressure of collapse by means of the screw plunger. 
It was measured by three tested gauges of the Bourdon type. The 
arrangement for closing the tube for collapse is shown in Fig. 7. This 
was the result of several trials, and proved very effective and easy 
to use. The steel end plugs were turned so that the tube could slide 
over them with a close fit, but without strain. The length of the 


tube thus sanporice on the inside at each end was abi one-eighth h 3 
inch for the small tubes, and as large as one half-inch for the three 


inch tubes. The groove left around the tube was for the packing. © 
The end of the tube was wrapped with ‘‘friction’’ tape—the rubber- _ 


ized tape used for insulation in electrical wiring—and the surround-- 

ing groove was packed with it. Melted asphaltum was then poured — ; 
over the tape, and in some cases the whole end was coated by dipping — 
+ it into the asphaltum. There was seldom any trouble with leakage 
even at the highest pressures. The end constraint was, by this 
arrangement, reduced practically to that of the support of the inter- 


L bolt was used which was threaded at both ends and screwed down 
by means of tapped holes at the centers of the end plugs. As this 


¥ bolt did not come through the end plugs, a serious source of leakage 

; was avoided. The bolt or shaft was tapered so that it could be easily 
withdrawn from the collapsed tube. The upper plug was turned down ~ 
and threaded so as to screw into a hole tapped-into the large steel-disk 
cover of the nickel-steel receptacle. A small canal through this con- 
nected the interior of the tested tube with a manometer. The pressure 
on the inside was atmospheric except at the moment of collapse. The 
steel and brass tubes were carefully machined to the required thick- 


nesses, so that results have been obtained for several values of ae 


for each length of tube. 


Three gauges were used, the connections being such that any one 
or all could be used in each case. Two of the gauges were made by 
Shaffer and Budenberg of Magdeburg, Germany, the third by the 
Crosby Gage Company. The first gauge read to a maximum of 300 


kilograms per square centimeter, each scale division representing.” 


5 kilograms per square centimeter; the second, to a maximum of 
_ 1000 kilograms per square centimeter, each scale division represent- 
ing 10 kilograms per square centimeter; and the third to 2000 
pounds per square inch, each scale division representing 50 pounds 
per square inch. These gauges were tested by using a Crosby Fluid 
Pressure Scale. This is the standard rotating piston balance made 
by the Crosby Gage Company for testing gauges up to a pressure 
of 25,000 pounds per square inch. The readings of the gauges were 
corrected in accordance with these tests; the corrections were so 
small that they could have been neglected for these experiments. — 


nal plug. To eliminate the end pressure on the tube, an internal - . 
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| 6. _Results.—The results of the experiments are given in Tables , 
1 to 7 inclusive (pages 33 to 36) and in Figs. 8 to 14 inelusive of this 
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Fig. 8. PRESSURE-LENGTH CURVES FoR FIVE DIFFERENT THICKNESSES OF 
Onet-INcH SEAMLESS STEEL TUBES 


bulletin. The number of lobes of the collapsed metal tubes is given 
in most cases. The number is recorded on account of its importance 
in the theory of stability and instability, which has been discussed by 
Southwell. In the collapse of glass tubes, we had the very striking 
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occurrence of the glass being reduced to a fine powder. The data 
as given represent the results of the collapse of about one hundred and 
fifty tubes. In nearly all cases of the steel and the brass tubes, there 
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were two tubes of the given dimensions ; thus an average could be made 
for each point. This duplication also gave an immediate check on 
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Fig. 10. PrRESSURE-LENGTH CURVE FoR A THREE-INCH SEAMLESS STEEL TUBE 
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freak collapses. Very few freak collapses occurred, however, and 
these could almost always be explained by the irregularities in dimen- 
sions or in material that appeared upon the inspection of the collapsed 
tube. While the machine work on these tubes was done with great 


t ; oN 
Buchanan, it was impossible to get the value of = exactly the same © 


each time. It was necessary therefore to make corrections in the 
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observed collapsing pressures so as to have sets of results for a pres- 
ee 
sure-length curve with a constant. These corrections were made 
q 
by interpolation; it was assumed that the collapsing pressures varied 


ie ; beds: ts 
as () for constant length. Since the total variations of qT in 
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& these cases were very small, there is little assumption in the err 
pagers and corrections. 

_ Observations were also made of about fifty steel tubes of half-inch : 
sen three-quarter-inch diameters. The results were very irregular, 4 
due partly to unavoidable variations in thickness, but more to a lack 
of homogeneity of the material. Although the tubes were called ‘‘seam- 
less,’’ they showed a longitudinal seam upon being machined, an evi- 
dence of their non-uniformity. An attempt was made to anneal some ( 
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Fig. 12. PrRESSURE-LENGTH CURVE FOR ONE-INCH ALUMINUM TUBE WITH 


THICKNESS OF — == .0285 


of the steel tubes to secure greater uniformity, but this introduced 
ereat irregularities of form. The tubes were packed inside an iron 
box and heated to about 1400 degrees F. (measured by a thermo- 
couple) in the large gas furnace of the Mechanical Engineering 
Department and then allowed to cool slowly. The circular tubes came 
out quite elliptical, and annealing was therefore abandoned. The tubes 
used were purchased through dealers in the open market. The steel 
tubes were Shelby cold drawn steel tubes made by the National Tube 
Company. As these tubes are not always straight and are liable to 
vary in wall thickness, the dealers kindly helped us in selecting tubes 
of as perfect form as could be found in stock. Through the kindness 
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of the papacy of Applied Mechanics of this University we et the = 
following elastic constants of the steel and brass: 


For steel, Young’s modulus . . 29.94 10° pounds per sq. in. 
Yield point . . «  §.96°>< 10* pounds “per ssqsam 
Ultimate strength . . 7.25 > 10* pounds per sq. in. 
For brass, Young’s modulus . . 13.90 10° pounds per sq. in. 
Yield point . . .. 17.45 10* pounds per sq. in. 
Ultimate strength . . 9.90 10* pounds per sq. in. 
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Fic. 13. Pressure-LenctH Curve ror ONE-INcH GLAss TUBE WITH THICK- « 
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7. Conclusions —A study of the curves leads to the following con- 
clusions : 


a. The pressure-length curves for different. thicknesses and diam- 
eters are similar in shape. The series of curves for the one-inch and 
two-inch steel, the three-quarter-inch brass and the inch aluminum 
tubes show similar forms. The curves for glass and hard rubber 
differ from the others, the curve for the glass tubes bending more 
slowly, and that for the hard-rubber bending at a shorter length and 
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more ranidly: The number of experiments on these last two materials 
is, however, too small to justify much generalization. 


b. By taking, in the case of the metal tubes, the point for the 
length of six diameters, a drawing a hyperbola through this point 


using the equation p’/— px , there is in most cases a satisfactory agree- 


ment between the Samed and the calculated curves for lengths of 
tubes less than six diameters. In Figs. 15, 16, and 17, the parts of 
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Fig. 14. Pressure-LENGTH CURVE FOR ONE-INCH Harp RussBeR TUBE WITH 


t 
THICKNESS i= .0652 


the curves for lengths less than six diameters have been reproduced 
from Figs. 8, 9, and 10, and the calculated hyperbolas have been 
drawn on them. In a few eases the agreement of the two curves is 
very close; in one case the two curves are identical on the scale of the 
figure. In Figs. 18, 19, and 20, the observed curve and the calculated 
curves have been drawn and continued to lengths greater than six 
diameters. It is seen that the hyperbolas thus calculated show pres- 
sures less than those given by experiment. This length of six diam- 
eters, then, appears to be a ‘‘critical length.’’ The experimental curve 
at this length bends rapidly towards the horizontal, particularly in 
the case of the thicker tubes. In the case of the thinnest steel tubes, 
both for those of one-inch and of two-inch diameters, that is, for tubes 
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, : : He : 
in which the ratio of a is about .001, the agreement with the hyper- 


bola is not so exact; indeed, the maximum bend seems to occur at a 
much shorter length. While the curves for these very thin tubes show 
much uniformity, and the same characteristics are found in tubes of 
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different diameters, the percentage of error with such low pressures 
of collapse is necessarily greater. ; 


c. The experimental curves of this investigation are not in agree- ‘9 
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Fig. 17. Pressure-LencruH Curves oF THREE-QUARTER-INCH BRASS TUBES, 
PARTS OF THE CURVES For LENGTHS LESS THAN Six DIAMETERS, 
COMPARED WITH HyYPERBOLAS 
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ment with the Southwell formula L — Na which Cook has used. 
. if ; 


This is shown in typical cases in Figs, 18, 19, and 20, where the curves 
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for D=1.75 | + are drawn for the one-inch and three-inch steel tubes 
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i 


Ee 


per 59.111. | 


N J Searnless Cold-drawrn Stee/ Tube : 
‘0 B= 0227 = 


a r 
ll 


Currel ky interpolation L=175)2" | 
os ee 2 <6 ae 
* IT trom observed data | 


/Os. 


Collapsing pressure 
% 
Bes 


oR Pwe 
ll ale el a5 ty 


! 
! 


rie fA oS 


| Le ; 
Length in diameters. 


Fig. 19. Pressure-LENGTH CurvE oF THREE-INcH STEEL TusE ComPARED WITH 
Two CancuLatep CurvEs 


2 ’ iy y . 
RN Tears ) pees es 
HORT THIN TUBES 


“# Seamless Brass Tube 
Pal CUrVES —* 
Curve I B= 0253 
co Me =.O02R0F 


Continuous curves trom observed 
data 


Dotted curves ky tterpolation 
YX & % ; 


89.17) #: a : papi 


/bs. Per 


o 
BS 
oa) 
y 
Dd 
N 
Q 
x 
10) 
N 


Length ir dMamerers 


Fic. 20. PRESSURE-LENGTH CURVES OF THREE-QUARTER-INCH Brass TUBES 
ComMPARED WITH Two CALCULATED CURVES 


brass tube having a ratio iiss of .0205. In the same Annes ra rec- 
_tangular hyperbolas are drawn through the experimental point — for 
a length of six diameters. If the formula L =k 7% is written in - 
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the critical length should increase directly as the diameter and in- 


the form 


t ‘ : 
versely as the square root of z It is evident that the length corre- 
“ 


> 


sponding to the critical bend does vary as the diameter of the tube, — 
but the curves do not show that the thinner tubes have longer critical — 
lengths. Indeed our curves for the very thin one-inch and two-inch © 
steel tubes rather indicate a shorter critical length than six diameters. 
To obtain reliable results on very thin tubes, facilities are required 
for testing tubes of large diameters, so that small variations in thick- 
ness and material may not affect the final results. 

The experimental curves for these metal tubes for which the 


i : Shay! 
ratio sg is between .025 and .015 show that there is a ‘‘critical’’ bend 


ae = 


7 at the length of about six diameters, the part of the curve for shorter 
lengths being approximately a rectangular hyperbola. Beyond this 
eritical bend the curve approaches more or less rapidly a straight line 
parallel to the axis of lengths. These results, in connection with pre- —~ 
vious results on the collapsing pressures of long tubes, make it possi- 
ble to calculate from the data with reasonable approximation the 
collapsing pressures of short tubes of certain thicknesses. 
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TABLE 1 


One-IncH STEEL TUBES 
InsipE DIAMETER .942 INCHES 
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Pressure of 
Collapse 
Lb. per Sq. In. 
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TABLE 2 


Two-Incu STEEL TuBES 
Insipe D1aMeTER 1.873 INCHES 


Pressure of Number 


Length Collapse 5 
Lb. per In. Lobes 


in Inches 
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TABLE 3 


TuHREE-INcH STEEL TuBES 
Insipe Diameter 2.87 INcHES 


_ Length _ Length mb: BS tol f Number 
in Inches in Diams, d Lb. per Sq in Lelie 
5.88 2. 0227 2640 4 
9.12 ial 0227 1960 Ne 

12.14 4.1 0227 1390 2 
12.17 4.1 0227 1040 2 
12.19 4.1 0227 1010 2 ; 
15.06 5.1 0227 873 2 
15.06 Lie 0227 910 2 
18.13 6.2 0227 756 2 
18.28 6.2 0227 895 2 
24.13 8.2 0227 684 2 
24.25 ae} 0227 770 2 
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TABLE 4 


THREE-QUARTER-INCH Brass TUBES 
Inswe Diameter .751 Incues 


Pressure of Number 

Colle pee re) 

Lb. per Sq. In. Lobes 
ie pe 3 
ie 2. 3 
a oy 3 
TP VE 3 
2. 3. ra 
ON 3. ct 
Dy: 2.9 z 
Ps 2.9 . 
oe 2.9 se 
3. 3.9 . 
3. 3.9 is 
3, 3.9 30 
4, 5.7 2 
4. 5.7 2 
4. 5.9 2 
4, 6. 2 
5. 7.4 2 
6. 728 2 
(ee 9.8 2 
(fe 9.8 2 

TABLE 5 
One-IncH ALUMINUM TUBES 
InsipE D1aMeETER .944 INCHES 
Numbe: 
Length _ Length P. Collnpas. f m es s 

in Inches in Diams. Lb. per Sq. In. Lobes 
1.18 1.9 750 4 
2.59 D7 630 3 
3.63 Sur 470 3 
3.63 Su 475 3 
5.53 5.7 330 2 
7.53 Tes 280 2 
9.59 9.9 280 1 


36 ILLINOIS ENGINEERING EXPERIMENT STATION 


TABLE 6 


One-IncH Guass TUBES 
INTERNAL DIAMETER .96 INCHES 


Length _ Length t 
in Inches in Diams. d 
3.7 .036 
5.63 5.8 .036 
5.63 5.8 .036 
7.47 (ARE .036 
TABLE 7 


Onn-IncH Harp RussBer TUBES 


Length Length t Pressure of 
in Inches in Diams. Ai 7h a es 
1.69 1.6 0643 
2.63 2.5 0654 
3.63 3\4 0680 
5.56 5.2 0654 
7.56 Tt 0652 
9.55 8.9 0645 
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One side caved in and 
broken in very fine» 
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